ABSTRACT Ultrasonic guided wave has received significant attention in the field of nondestructive testing because of their advantages in detecting the entire wall thickness. Since pipe elbows are an important component of the piping system, it is desirable to study the propagation behavior of the guided wave in the elbows. In this paper, instead of using the traditional method of a ring of transducers to generate guided wave at the same time, the propagation behavior of the guided wave in the elbows under the action of a single excitation source is simulated. Using the chirp excitation signal, the transmission signals of the guided wave at different excitation central frequencies are extracted with high efficiency, and the behavior of the guided wave in the elbow under different excitation frequencies is studied. In addition, it is proposed to use the flight time quantity to characterize the complete information of the structure, and the influence of the defects on the flight time is also studied. The results prove that the flight time feature has good detection sensitivity to the defects with varying depth in different locations of the elbow.
I. INTRODUCTION
Due to long propagation distance, fast detection speed, small attenuation and high efficiency, ultrasonic guided wave has gradually become an important direction for the research and development of pipeline nondestructive testing technology [1] , [2] .
In the decades of research that began with the analytical solution of the pipeline dispersion curve by Gazis [3] , [4] in 1959, the propagation characteristics of the guided wave in the straight tube have made great progress [5] - [8] and the detection to defects such as cracks, notches and corrosion in straight hollow pipe have been studied by many researchers [9] - [13] . As an important component of the piping system, elbows are widely used in thermal power heat exchange tubes, oil and gas transportation pipelines [14] and has received lots of attention in recent years.
Unlike traditional ultrasonic inspections, due to the complexity of the elbow structure, the propagation of ultrasonic guided wave is more complicated. A number of studies on the The associate editor coordinating the review of this manuscript and approving it for publication was Datong Liu.
propagation of the L(0,2) mode and T(0,1) mode as well as their reflection in bends have been carried out. Sanderson [15] studied the propagation characteristics of T(0,1) mode in the elbows and the amplitudes of the reflections can be significantly affected by the flaw via finite element method. Heinlein et al. [16] proved that the variation detection sensitivity of the torsional guided wave roughly follows the von Mises stress distribution for circumferential defects in bend. Zhang et al. [17] used low frequency excitation to emit guided wave to investigate the inspection of defects beyond elbows. Demma et al. [18] used finite element (FE) analysis to study the transmission and reflection coefficient of guided wave in a bend and indicated that the amplitude of reflected signal increases with the cross sectional area loss of the pipe caused by the defect [19] . A comprehensive study of the effects of bending angles on the transmission coefficient of T mode was reported in [20] by R. E. Jones using simulation and experimental methods. Nishino et al. [21] detected defects in circumferential welds before and after pipe bend using the T(0,1) mode ultrasonic guided wave and a wideband laser ultrasonic system was used to describe the propagation phenomena of wideband guided wave in bended pipes with time-frequency analysis [22] . Tan et al. [23] studied the defect detectability in pipes with elbows by using time delay focusing technique and common source method (CSM). Elbows with more general bend angles and a more general mean bend radius was considered by Verma et al. [24] to research the interaction of low-frequency axisymmetric ultrasonic guided wave with bends. It was found that the defect with different locations of the elbow can affect the reflection amplitude as well as the rates of mode conversion for T (0, 1) mode guided wave [25] .
Previous studies have shown that the effect of elbow inspection is closely related to the location of defect distribution. Neither T(0,1) mode nor L(0,2) mode generated by a ring of transducers can-not accurately detect defects in intrados. What's more, the number of signal extracted from the monitoring points is limited to only one with the traditional excitation method, which in fact can-not provide sufficient information that reflect the structural integrity [26] . On the other hand, the entire circumference of the pipe is not completely accessible in many cases. Moreover, none of the previous studies has considered the relationship between the depth of defect in elbow and extracted signal characteristics which is an important characteristic when dealing with quantitative assessment of defects problem.
In order to solve the problems raised above, this paper studied the propagation characteristics of guided wave in elbows with a bend angle of 90 • under the condition of single excitation source. The sensibility of flight time to defects with varying depth at specific areas of interest in elbows is also compared and discussed.
II. FINITE ELEMENT MODEL A. CONSTRUCTION OF 3D FINITE ELEMENT MODEL
As discussed in Section I, numerical methods are effective and required for studying the scattering and propagation problems of ultrasonic guided wave. The ANSYS LS-DYNA module was used in this paper. Compared with the implicit finite element method, there is no convergence problem, and the solution time can be greatly shortened for a large number of meshes.
Geometrical characterization of the simulated elbow is shown in Fig. 1(a) . Eight interested points are taken at both ends of the pipe as the signal excitation positions and signal monitoring positions respectively. For the convenience of later expression, the circumferential coordinates of the observation point are defined, wherein the points in extrados are 0 • and the points in intrados are 180 • . Additionally, circumferential crack-like defects with varying position (intrados, extrados and middle of an elbow) and varying depth are simulated by removing the elements to evaluate defect sensibility of the extracted features. The width and length of defect in extrados is 2 mm, 6 mm respectively as Shown in Fig. 1 
(b).
Several parameters that should be determined before the analysis are shown in TABLE 1. Three elements were used through the thickness and the number of units in the thickness direction can ensure the accuracy of low frequency analysis [27] . The 3D finite element model is shown in Fig. 2 .
B. EXCITATION SIGNALS
Chirp signal is a guided wave excitation signal optimization technique proposed by Michaels et al. [28] . The equation in time domain for chirp excitation is
where w (t) is rectangular window function, f is the starting frequency, T is the duration of the signal, and B is the bandwidth of chirp signal. The linear chirp signal in time domain was shown in Fig. 2 (a) when set f = 0kHz, B = 400kHz and T = 1ms. We can see from Fig. 3 (b) and Fig. 3 (c) is that the chirp signal has a wide excitation band, so that the excitation of the chirp signal can achieve equivalent effect as the tone burst signal over the entire frequency band. In addition, the filtering process in chirp excitation can effectively improve the signalto-noise ratio of the detection signal when extracting a large number of narrow-band responses.
In the frequency domain, the response signal to the chirp excitation can be written as
where S c (ω) is the Fourier transform of s c (t). In a same guided wave detection system, R d (ω) is the response to tone burst signal S d (ω), and can be expressed as
By combining (2) and (3), the response to S d (ω) are given as The desired excitation in this paper is the tone burst signal (Fig. 4) , which is a Hanning windowed sinusoid with a duration of 5 cycles [29] . So the expression of S d (t) can be written as
where f c is the central frequency. So the response to tone burst signal can be extracted at varying central frequencies from 0 kHz to 400 kHz.
III. PROPAGATION CHARACTERISTICS ANALYSIS OF SINGLE EXCITATION SOURCE
Before the defect diagnosis, the analysis of the signal characteristics of the ultrasonic guided wave excited by single excitation source is an important step to determine the signal component and the central frequency to extract monitored signals.
Due to noise and other factors, the time-of-flight characteristics extracted from the measurements can be far more accurate than the amplitude characteristics in some cases. The short-time Fourier transform method is selected to convert the multi-modal ultrasonic guided wave signal into the timefrequency plane, which visually reflects the time-varying characteristics of each modal component.
In the time-frequency plane, the instantaneous frequency of the signal and the arrival time (t a ) of each frequency point correspond to the projection of the ridge line on the frequency and time axis, respectively [30] . Numerically, the flight time (t f ) of interested mode and the arrival time (t a ) following
where t e is the issuance time of excitation signal at central frequency. The group velocities of the modes are then obtained as the ratio of the arc length (l arc ) at the elbow to the flight time, which can be expressed as
The corresponding time traces for longitudinal chirp excitation of an elbow are shown in Fig. 5 . Chirp response signal was extracted according to the signal extraction process of (2) to (5) and the extraction results at 100kHz, 200kHz and 300kHz of tone bust are shown in Fig. 6 .
We can clearly see two wave packets from Fig.6 (a) and Fig.6 (b) , which were assessed firstly by (6) to get the flight time characteristic of signals extracted at different central frequencies. And then the group velocities of the wave packets were calculated by (7), as illustrated in Fig. 7 .
Combining dispersion curves shown in Fig. 7 and velocity calculation result (TABLE 2), the first two wave's behavior can be easily characterized for the S0 mode and A0 mode respectively.
Since the propagation velocity of the S0 mode is significantly higher than that of the A0 mode, the S0 mode signal is more easily extracted in the signal extraction, and the energy leakage phenomenon of the S0 mode during the propagation process is relatively small so that having longer propagation distance. Therefore, the S0 mode is usually selected as the detection mode in the ultrasonic guided wave nondestructive testing. One of the research focuses of this paper is choosing the central frequency of extraction to obtain pure S0 mode as much as possible. To that end, a new characteristic parameter ξ , defined by the ratio of the S0 mode wave amplitude to the A0 mode wave amplitude, is given.
where A 1 is the S0 mode wave amplitude and A 2 is the A0 mode wave amplitude. The characteristic parameter ξ at different central frequencies was extracted, as shown in Fig. 8 .
As the central frequency of extraction increases, the component of the S0 mode increases, and the component of the A0 mode decreases. Although there is almost pure S0 mode at 300 kHz shown in Fig. 7(c) , the dispersion of the S0 mode component appears while the wave packet has obvious tailing phenomenon, so comprehensively consider extracting response signal at the central frequency of 200 kHz. In order to further study the propagation characteristic of the single excitation source guided wave at a specific frequency, the Hanning windowed sinusoid signals centered at 100 kHz and 200 kHz was chosen to generate guided wave at point E5 and point E1 respectively. The wave field snapshots are shown in Fig. 9 and Fig. 10 . There are two wave packet and the faster wave is guided wave with S0 mode and the slower wave is guided wave with A0 mode which is in excellent agreement with frontal conclusion. In Fig. 9 (b) , the A0 mode has higher energy that is consistent with analysis results of the characteristic parameters at 150 kHz. Through the similar analysis in Fig. 10 (b) , we can get the same results that the S0 mode has a higher energy density as the characteristic parameter analyzed at 200 kHz. Moreover, a very interesting phenomenon exists in Fig. 9 and Fig. 10 is that S0 mode will reflect after reaching the end of the elbow, and the reflected signal will interact with the direct A0 mode guided wave generating two wave packets. On the other hand, the energy of the direct A0 mode wave is attenuated, which is why the A0 mode guided wave is usually not used for non-destructive testing.
IV. DEFECT SENSIBILITY OF FLIGHT TIME
It is often thought that the existence of defects can scatter guided wave and present some signatures in the monitored signals [31] . Thus understanding the influence of defects is vital for practical guided wave inspection.
For example, extracting the E1-M1(exciting at E1 point and monitoring at M1 point) signal at 200kHz central frequency to analysis the influence of defects to the propagation guided wave in elbow.
There is an important phenomenon we should pay attention to is that the flight time of S0 mode decreased because of the defect from Fig. 11 , which can be explained by the dispersion curve in Fig. 7 . The existence of defects will cause the frequency · thickness to decrease whether it is corrosion, cracks or notches; The velocity of the S0 mode in a region with defect will be increased at the central frequency of 200kHz, and the flight time will be lower as a result.
Signals propagating in elbow with defect at different locations were extracted. For example, the physical model was an elbow with defect in intrados. Exciting chirp signal at point E5 and monitoring at positions M(1) to M (8) . According to the signal extraction process of (5) to (6), the extracted signals was shown in Fig. 12 . Similar analysis was also performed for other excitation points and defects.
Defining η to be flight time variation parameter to quantitatively describe the defect sensitivity.
where t 2 is S0 mode signal flight time in the case of an elbow with defect, t 1 is S0 mode flight time in the case of an elbow without defect. Elbow model with circumferential crack-like defects in varying position (intrados, extrados and middle of an elbow) were set up. The results of variation parameter under different case of defects are shown in Fig. 13 . From Fig. 13 , The value of flight time variation parameters can not only reflect the existence information of defects, but highly dependent on the position of defects. It can be drawn that the flight time variation parameter has good sensibility to the position of defect in elbow. Furthermore, it can be found from Fig. 13 that the variation coefficient of intrados defect is about 2 times larger than that of extrados defect, indicating flight time is more sensitive to defects in intrados. Fig. 14 shows the received time domain waveform from the traditional excitation method that uses a ring of transducers to generate guided wave at the same time. Figs. 14(a-c) are the waveforms monitored from elbows with defect in intrados, the middle of the elbow and extrados, respectively. It can be found that the waveform reflected by defect is overlap by the waveform reflected by the elbow, especially the defect is in the intrados. Amplitudes of defect reflected waveform in Fig 14. (a) is far less than that in Fig 14. (b) and in Fig 14. (c) which means defect in intrados can be hardly distinguished by the traditional method while our single excitation method proposed has excellent defect sensibility to the defect in intrados. More specifically, the signal obtained by the test usually contains a lot of noise and the flight time features we used are almost immune to noise, while the defect reflected waveform is easily submerged into the noise.
And then relationship between the depth of defect and flight time of S0 mode is studied by changing the depth to 1mm, 2mm, and 3mm. The conclusion is obtained from Fig. 14 that flight time variation parameter becomes larger and larger with the depth of defect increasing. The monitoring point at the direction of defect, such as M1 in Fig. 14(a) , M3 in Fig. 14(b) and M5 in Fig. 14(c) is particularly obvious. Thus we can get the conclusion that flight time has good sensibility to the depth of defect in elbow. 
V. CONCLUSIONS
This paper studied the propagation characteristics of guided wave from single excitation source in elbow with or without defect via FE method. Using the chirp excitation signal, the transmission signals of guided wave at different excitation central frequencies are extracted with high efficiency. The conclusions are as follows.
(1) Numerical results show that the single excitation source can generate the guided wave including A0 mode and S0 mode. In addition, S0 mode can be generated in the high frequency band as pure as possible. Considering the dispersion and purity, this paper uses central frequency at 200 kHz for signal extraction.
(2) The value of flight time is highly dependent on the position of defects and the flight time variation parameters has good sensibility to defects of elbow. In addition, flight time characteristics is more sensitive to defects in intrados than in other areas, which breaking the limit of being unable to check out the defect in intrados well with the method of a ring of transducers.
(3) With the depth of defect increasing from 1mm to 3mm, flight time variation parameter (η) becomes larger. This finding is significant for the application of guided wave tomography when dealing with quantitative assessment of defects problem.
Under single excitation source, the number of signals monitored can be increased to square of n (n is the number of monitoring points). The data contained in the signal contains large amount of integrity information of the elbow. Further work is needed to establish mappings between flight time and defects to implement data-based non-destructive testing.
